The problem addressed in this paper is the detection and classification of systolic murmurs in newborns. As the estimates of higher-order spectra have been shown to be useful in various signal processing problems, this paper uses bispectra and Wigner distribution for systolic murmurs detection. The diagnostic system that has been implemented is based on artificial neural networks, can be used for detecting and classifying systolic murmurs. The system outputs the classification of the sound as either normal (innocent murmurs) or a type of pathological systolic murmurs. The ultimate goal of this research is to implement a heart sounds diagnostic system that can be used to help physicians in the auscultation of patients, so to reduce number of unnecessary echocardiograms and prevent the release of newborns that are in fact patients. In this study, 96.4% accuracy, 97% sensitivity, and 97% specificity were obtained on a dataset of 56 samples.
Introduction
ystolic murmurs are often the first sign of pathological changes of heart valves, and they are usually found during auscultation in primary health care. A systolic murmur is an important feature of a cardiac disorder in childhood, infancy, and especially in newborns. Unrecognized heart disease in newborns carries a serious risk of avoidable mortality, morbidity and handicap [1] . The main advantages of early recognizing a cardiac disease are that newborns will be seen and assessed earlier and in better clinical condition.
On one hand, there are two categories of non-pathological murmurs, i.e., normal and innocent -both very common. However, innocent murmurs are similar to pathological murmurs. Many conditions may cause the blood to flow with turbulence, leading to a heart murmur on auscultation. All these conditions do not necessary indicate abnormality and cause no negative effect on one's health. Some of the main conditions causing an innocent heart murmur are: (i) Small blood vessels to the lungs. The reason is that while in their mothers' uterus, there was very little blood flows to the lung's babies do not breathe before to birth. This makes smaller the blood vessels to the lungs. Once the child is born, the blood flow increases tremendously to the lungs, causing blood turbulence .crossing these small blood vessels causes turbulence, which in turn produces heart murmur. (ii) Blood flowing through the aortic valve and the pulmonary valve (physiologic pulmonary flow murmur), which is audible in some newborns. This murmur does not imply problems with valves. In fact, it is typically due to the fact that newborns have a faster heart rate, meaning that blood normally flows at higher speed, causing noise, yielding in heart murmur. (iii), newborns typically have a thinner chest wall, which allows sounds to be more easily audible [2] .in the cases, these innocent murmurs will disappears with growing heart. On the other hand, murmurs can also be pathological. In particular, systolic murmurs maximal at the upper sternal borders are more likely to be ejection in type, due to heart outflow abnormality or increased flow -aortic valve, sub valve or supra valve stenosis and HOCM are maximal on the right, and radiate to the neck, whilst pulmonary valve, sub valve or supra valve stenosis or atrial septal defect murmurs are louder on the left and radiate to the back. Those at the lower sternal border are more likely to be of regurgitate type, due to ventricular septal defect, mitral or tricuspid regurgitation. Some pathological systolic murmurs are heard widely over the whole precordium and different types of murmur may coexist. Coarctation of the aorta is an important cause of a murmur over the back, particularly in the interscapular region [3] . Newborns are visited by physicians via auscultation heart murmur, but the similarity of innocent and pathology murmurs may cause errors in diagnosis.
S
When a physician visits a newborn for phonocardiography (PCG), a heart murmur is the most common abnormal auscultation finding. When a murmur is detected, the physician must decide whether it represents pathological or innocent murmur.
Although an innocent heart murmur does not entails current or future illness, May, a physician suspecting that a newborn is healthy, still order an echocardiogram for reassurance, although the cost of an echocardiogram is high. The result of this practice is a misallocation of healthcare funds, since echocardiograms are expensive. While it is clearly important to avoid type-I errors (i.e., healthy newborn are sent for echocardiogram), it is also important to avoid type-II errors (i.e., a newborn having a pathological heart murmur sent home without proper treatment [4] .
Many studies performed on heart murmur are concerned with various stages of life, but our work is on newborns. The classification at this stage is very important because heart murmurs in newborns are more difficult to diagnose [5] . We achieve a high-resolution result for of heart murmurs analysis by high order spectral methods such as Bispectrum and Wigner distribution [8] .
In this paper, we propose a method for automatically classify phonocardiogram data. The method utilizes a multi-layer perceptron to identify whether a systolic pathological murmur holds. Notably, second order spectral analysis has shown to be very effective to improve experimental result. Our results show an accuracy of 96.4%, which significantly improves the current state-of-the-art on this specific problem. In fact, other relevant works report accuracies [5] . Improvements have been obtained also in sensitivity and specificity.
Methods

Pre-processing
Pre-processing occurs in two steps: The first step of signal processing is filtering heart sounds, with the goal of removing the unwanted noise. The recording of PCG usually has a sampling frequency higher than 8000Hz. In the event that the recording environment cannot be controlled enough, noise is coupled into the PCG. To avoid unpredictable effects brought by noise, filtering becomes important for later processing. Since the main spectrum of first and second (s1 and s2 respectively) heart sound occurs within the range of 200Hz, the system filters the original heart sound using 3rd order a band-pass filter Butterworth, with cut-off frequencies at 50Hz and 200Hz.
An electronic stethoscope has been used to record heart sounds, giving rise to a dataset at 44k Hz and converted to 4k Hz.
The second step of preprocessing for detecting systolic murmurs uses a segmentation algorithm aimed at identifying the heart sound components S1 and S2 (See Figure 1) . Currently, the detection is performed manually; however, the identification of S1 and S2 could easily be performed with an automatic procedure. The segmentation method is based on the timing between high amplitude components. The fact that the time interval that occurs between S1 and S2 (systole) is always less than the one between S2 and S1 (diastole) is the basis for this process.
The largest available section of systolic murmur common to all database samples was chosen for analysis (represented with 400 points). Figure 1 . Sample of two-cycle heart sound, where components S1 and S2 are highlighted.
Feature extraction
This phase is focused on extracting features of the signal that better highlight characteristic properties of the PCG signal, with the goal of identifying those that are more suitable for the classification purpose. In particular, each signal is represented by the features summarized in Table I .
As bispectrum and Wigner distributions have been very important for improving the classification, let us spend a few words on these techniques. Table I . The feature set that has been used in experiments.
Feature Set
Bispectrum
The third-order spectrum, called bispectrum, is a particular example of higher-order spectrum, which is defined as the Fourier transform of third-order cumulant sequence. The power spectrum is member of the class of higher-order spectra.
For the sake of completeness, let us recall that second order statistics such as autocorrelation and power spectrum provide important information in analysis of Gaussian, stationary, and linear processes.
Higher order statistics are used in the analysis of Gaussian, stationary and non-linear processes and typically allow to obtain important results.
Higher order statistics are calculated upon higher order moments (HOM) such as m 3 and m 4 , i.e., third and fourth order moment, which are defined as follows:
Non-linear combinations of this higher order spectra are known as cumulants (i.e., C 1 , C 2 , and C 3 ). Cumulative equations for zero average processes are:
It is worth noting that moments give more accurate results in the analysis of deterministic signals, while cumulants give more accurate results in the analysis of random signals [6] . Power spectrum of random signals are defined by their discrete fourier transform (DFT), as follows: 
A diagonal slice of a single variable bispectrum for a special situation at which frequencies are equal can be defined as follows:
As bispectrum analysis is not easy to calculate, this slice of spectrum obtained from a bispectrum is used to asses whether the analysis of data exhibit nonlinear or Gaussian distribution in the signal.
Wigner distribution
The Wigner distribution (WD) was introduced in 1932 by Wigner, in the context of quantum mechanics. It has been shown to be very useful in communication problems. It was also studied by Ville in 1948 and for this reason is often called the Wigner-Ville distribution. In order to differentiate the second-order WD from higher-order WDs, we will denote the conventional WD as Wigner spectrum (WS). In contrast to the short time fourier transform, whose resolution is limited in time or in frequency (depending on the window function) and suffers from smearing and side lobe leakage, the WS offers excellent resolution in both frequency and time domains [7] .
The WD of a signal ( ) t s with analytic associate ( )
, is defined as:
Given the associated spectrum ( )
it can also be represented as:
It can be easily proven that the two definitions are equivalent by substituting s (t) with its expression in terms of the spectrum. Figure 2 shows the bispectrum of normal (2a) and pathological (2b) systolic murmur. Figure 2a clearly highlights the existence of significant peaks in the bispectra. Thorough experimental results show that the same kind of systolic murmurs have significant similarities in their bispectra shapes and in the locations of peaks.
Signal analysis
Experimental Results
The classifier that has been implemented consists of a multilayer perceptron with one hidden layer. The final ANN architecture was determined by trial and error. To identify the number of hidden layers and the amount of neurons to be used in the input and hidden layers, system complexity was reduced until performance began to degrade. The result of this procedure was MLP architecture with the hidden layer equipped with 5 neurons. We have trained the classifiers on medical data labelled healthy or sick. Sensitivity, see Equation (10), is a very important measure for this particular research, as in our case it measures the percentage of patients with unhealthy hearts that are recognized as such. High sensitivity means that the system has fewer Type II errors, i.e. few unhealthy hearts classified as healthy [5] . The classification accuracy was calculated using the leave-one-out method, which repeatedly trains the classifier with all samples but one and tests it on the sample excluded from training. The method iterates over all available samples and the final performance metrics are obtained by considering the results of all steps.
Results are shown in Table 2 in the form of a confusion matrix, together with percentage classification accuracy. It can be seen that out of 28 normal signals, 27 were correctly classified as normal, and 1 was misclassified as pathological. Similarly, out of 28 pathological signals, 27 were correctly classified as pathological and 1 was misclassified as normal. A detailed analysis of the misclassified signals showed that they were in fact very difficult to classify, even by human experts.
Summarizing, 96.4% accuracy, 97% sensitivity and 97% specificity were obtained by the MLP, distinguishing between the 58 innocent and pathological heart murmurs in newborns.
Predicted Group Membership
Normal Pathological
Actual Group Membership
Normal 27 (96.4%) 1 (3.6%) Pathological 1 (3.6%) 27 (96.4%) Table 2 . Classification results of systolic murmurs in newborns. Cross-validation: obtained with the leaveone-out method, %: Percentage of classification.
Let us point out that for this system, both high sensitivity and specificity are important. In particular, higher specificity reduces the number of newborns with innocent murmurs who are identified as pathological murmur and sent to echocardiogram for further testing. More importantly, higher sensitivity reduces the number of newborns with pathological murmurs that are identified as innocent murmurs and have been released with a potentially deadly heart condition.
Conclusion
We demonstrated that ANNs and a suitable data encoding have significant potential for the classify heart sound data as innocent or pathological murmurs in newborns. The system provides the user with the classification of an unknown heart sound, and this information can be very useful for a physician to decide whether or not to release a newborn or send her/him for an echocardiogram. This technology is for high-volume screening of newborns suspected of having a heart disease. The software system proposed in this work can be considered the first release of a diagnostic tool able to support physicians in their diagnostic task.
